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Abstract

Regular silver (Ag) nanopatterns, from disconnected nanotriangles to well coupled triangular
clusters of nanoparticles, were prepared by shadow nanosphere lithography at different incident
angles θ from 0° to 20° with continuous azimuthal rotation. The resulting nanopatterns were
consistent with predictions by numerical calculations and Monte Carlo simulations of adatoms
with high diffusivity. The visible localized surface plasmon resonance of these nanopatterns was
tuned by θ systematically due to the change in size, shape, and arrangement of Ag nanopatterns.
These resonances were consistent with ﬁnite-difference time-domain simulations using realistic
nanopatterns based upon scanning electron micrographs. Such a simple fabrication strategy can
be used to optimize surface enhanced Raman scattering substrate fabrication, as well as other
plasmonics based applications.
S Online supplementary data available from stacks.iop.org/NANO/27/385301/mmedia
Keywords: shadow nanosphere lithography, ﬁnite-difference time-domain, Monte Carlo
simulation, surface enhanced Raman spectroscopy, localized surface plasmon resonance
(Some ﬁgures may appear in colour only in the online journal)
Introduction

considered a cost-effective and scalable technique, which is
ideal for practical applications.
The plasmonic properties of nanopatterns generated by
NSL can be tuned using two different strategies. The ﬁrst
strategy is based on changing the colloidal monolayer template. This work was ﬁrst performed by Van Duyne et al, and
they demonstrated that the localized surface plasmon resonance (LSPR) of triangular nanopatterns could be tuned by
changing the colloid size, deposition thickness, as well as
altering their shape by annealing them [14]. From the same
research group Haynes et al showed that the LSPR of Ag
nanopatterns could be changed by stacking two monolayer
templates together to obtain circular shaped Ag nanopatterns
[15]. The second strategy, referred to as angle-resolved or
shadow nanosphere lithography (SNSL), can also be used to
tune the LSPR by a ﬁxed colloidal monolayer [16, 17]. SNSL

The fabrication and advancement of plasmonic nanostructures
have many interesting and important applications, such as
metamaterials [1, 2], solar energy conversion [3], ultra-sensitive chemical and biological sensing [4, 5], plasmonic
heating [6, 7], and surface enhanced Raman spectroscopy
(SERS) [8, 9]. One popular method to prepare plasmonic
nanostructures is by nanosphere lithography (NSL). This
method combines a self-assembled monolayer or multilayer
of nanospheres with a physical vapor deposition technique to
produce a large variety of nanopatterns including nanorings,
dots, grids, wires, etc, with control over the separation distance and material of the nanopatterns [10–13]. Unlike photolithography and electron beam lithography, NSL is
0957-4484/16/385301+09$33.00
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is the manipulation of the position or the orientation of the
colloid template with respect to incident vapor direction
during a deposition to produce a variety of nanopatterns. Van
Duyne et al also pioneered this strategy by controlling the
vapor incident angle, θ, deﬁned as the angle between the
normal of the substrate and vapor source, to fabricate nanosized triangular patterns [18]. In general, nanopatterns fabricated by SNSL techniques are performed by controlling
material vapor ﬂux direction in four different ways: ﬁxed θ,
stepwise change in θ, azimuthal rotation, or phi-sweep of the
substrate. To create more complex patterns, the colloid
monolayer template may be modiﬁed by reactive ion etching
(RIE) or annealing. For instance, Kosiorek et al ﬁrst annealed
the colloid monolayers, then rotated the templated substrate
during the deposition to produce nanorod, dot, and nanoring
arrays [19]. Similarly, Gwinner et al annealed polystyrene
(PS) nanospheres, then deposited Ag at θ between 15° and
20° while rotating and sweeping azimuthal angles to produce
nanorings with complete and incomplete rotations [20].
Stepwise nanopatterns were ﬁrst demonstrated by Zhang et al,
and showed that colloid nanopatterns ﬁrst etched by RIE, then
deposited with stepwise change of both θ and azimuthal
position j to produce complex quasi 3D grids [21]. More
recently, Nemiroski et al also combined SNSL and RIE to
produce complex assemblies of nanopatterned metasurfaces
with both single and multiple materials [22]. Similarly, Chen
et al prepared gold (Au) Moiré patterns by etching double
layered colloid templates [23]. Thus, SNSL is a powerful
method to tune the plasmonic properties of metal
nanopatterns.
Here we will show another variation of SNSL. Using
SNSL with a continuous azimuthal substrate rotation, different nanopatterns can be formed with tunable LSPR properties,
which can be used for SERS substrate fabrication optimization or other plasmonic applications.

Substrate preparation

Prior to monolayer self-assembly, glass and silicon were cut
into 1.2×1.2 cm2 pieces. Glass substrates were cleaned in a
boiling piranha solution (4:1 v/v of sulfuric acid: hydrogen
peroxide) for at least 20 min. Silicon pieces were cleaned
using the RCA-1 cleaning method (5:1:1 v/v/v of water:
ammonium hydroxide: hydrogen peroxide) at ∼70 °C for at
least 20 min. After chemical cleaning, all substrates were
thoroughly rinsed in DI water and dried with N2 gas.
Colloid monolayer formation

Colloid monolayers were assembled using an air/water
interface technique as previously reported [24, 25]. Brieﬂy,
the PS nanosphere suspension, purchased initially at a concentration of 2.6 wt.% in water, was diluted to 0.4 wt.% in DI
water, and further diluted with ethanol to a 2:1 volumetric
ratio. The suspension was loaded into a syringe and mounted
onto a syringe pump (KD Scientiﬁc). A cleaned glass Petri
dish (diameter of 10 cm), pre-ﬁlled with 24 ml of DI water,
was tilted at an angle of ∼7°, and a needle attached to the
syringe was bent towards the water within the Petri dish.
Droplets of PS solution were dispensed onto the water surface
at a rate of 0.015 ml min−1. Each drop spread radially outward from the droplet location, and a monolayer of PS
nanospheres was slowly formed on the water surface along
the edge of the Petri dish. This process continued until a
monolayer of PS nanospheres covered nearly the entire water
surface. A Teﬂon ring, with a diameter smaller than the diameter of the Petri dish, was placed gently on the water surface
to protect the monolayer ﬁlm against adhering to the side wall
of the Petri dish. After the water level was raised, glass and
silicon pieces were slid carefully under the water to the area
below the monolayer ﬁlm. Finally, the monolayer ﬁlm was
deposited onto the surface of the submerged substrates by
slowly pumping water out from the Petri dish.
Ag nanopattern fabrication

Experimental details
Ag nanopatterns were prepared using a custom-built electron
beam deposition system with a deposition conﬁguration
shown in (ﬁgure 1). Monolayer coated substrates were
mounted on a holder placed 50.8 cm above the crucible.
Depositions were performed when the pressure reached
10−6 Torr. Ag was deposited at a deposition rate of
0.1 nm s−1, which was monitored by a quartz crystal microbalance facing the source. As shown in (ﬁgure 1), the
monolayer coated substrates were positioned at a ﬁxed angle
θ formed between the substrate surface normal and the vapor
deposition direction, and were rotated azimuthally at a speed
of 20 rpm for the duration of the deposition. For each
deposition, θ was set to 0°, 5°, 7°, 10°, 12°, 15°, 17°, and 20°,
respectively, with an accuracy of ±1°. For different θ, the
deposited Ag thickness were initially varied to ensure that the
ﬁnal thickness of the Ag patterns was ∼50 nm, which was
determined by atomic force microscope (AFM) measurements. However, as θ increased, the deposition made the
shadowing effect of the opening among nanospheres smaller

Materials

500 nm diameter PS nanospheres (Polyscience, Lot # 07107)
were used to form the colloid monolayers onto cleaned glass
slides (Gold Seal, Part # 3010) and silicon wafers (University
Wafer). Ethanol (Sigma-Aldrich, 98%), toluene (Fisher Scientiﬁc, 99.8%), acetone (Fisher-Scientiﬁc, 99.8%), and
2-propanol (Fisher-Scientiﬁc, 99.8%) were used for colloid
monolayer preparation and to remove residual PS from substrates after Ag deposition. Sulfuric acid (Fisher Scientiﬁc,
98%), ammonium hydroxide (Fisher Scientiﬁc, 98%), and
hydrogen peroxide (Fisher Scientiﬁc, 30%) were used without
further puriﬁcation. Silver pellets (99.999%) were purchased
from Kurt J Lesker company. 1,2-Di(4-pyridyl)ethylene
(BPE) (Sigma-Aldrich, 99%) diluted in methanol (FisherScientiﬁc, 99%) was prepared as an analyte for SERS measurements. De-ionized (DI) water (18 MΩ cm) was used
throughout the experiments.
2
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calculation predicted the thickness distribution of the Ag ﬁlm
on the substrate by considering the shadowing effects from
thirty-six nearest neighbor PS nanospheres. Detailed information can be found in [25].
The formation of Ag nanopatterns was also simulated by
a kinetic, three-dimensionalMC simulation. In the MC ballistic deposition model, the incident particles approached the
surface in a straight trajectory at an angle of θ. When the
particle arrived on the surface or passed by the nearestneighbor site of a previously deposited particle, it would
deposit and become part of the surface. In order to simulate
the surface diffusion after the incoming particle settled on the
surface, one particle on the surface would be randomly chosen to perform the diffusion. The diffusion was a random
walk on the surface with a diffusion length of one unit. There
was a predetermined number D of particles selected to perform diffusion, which represented the strength of diffusivity
of a particular material such as Ag. Pre-occupied sites above a
planar surface were formed according to the hexagonal pattern of nanospheres to mimic the templates used in experiments. The substrate rotation was included in the MC
simulation. After the deposition was done, the templates and
the deposition above the top surface of the templates were
digitally removed. Additional calculation details and
assumptions are provided in supplementary information S1.
The optical properties of selected Ag nanopatterns
deposited at θ=0°, 10°, 12°, 17°, and 20° were simulated
using the ﬁnite-difference time-domain (FDTD) method
[27, 28]. The Ag nanopattern simulation models were based
upon AFM data and SEM images. The details of the
electromagnetic modeling process are given in supplementary
information S2.

Figure 1. Schematic diagram of shadow nanosphere lithogra-

phy (SNSL).

and smaller, which minimized the actual Ag ﬁlm thickness.
Therefore, the Ag nanopatterns possess decreased thickness
with increasing θ. After the Ag deposition, the monolayer
template was removed using Scotch tape, and then the substrates were rinsed in toluene, acetone and 2-propanol successively to remove PS residual.
Substrate characterization

The optical transmission spectra of the Ag nanopatterns were
measured by an ultraviolet-visible spectrophotometer (UV–
vis, Jasco-750) at four different locations. The optical
reﬂectance spectra were measured by a home-built reﬂectance
measurement with set-up details described in [26]. Due to the
low reﬂectivity of the Ag nanopatterns (see ﬁgure S3.2 of
supporting information), the transmission spectra of the Ag
nanopatterns could be converted to extinction (E) by the
following equation: E=−lnT. SERS spectra of the Ag
nanopatterns were measured using a confocal Raman microscope (Renishaw inVia), with an excitation wavelength of
633 nm. A 2 μl droplet of BPE (10−4 M) in methanol was
dispensed onto the Ag nanopattern substrate. The nine SERS
spectra measured from randomly chosen positions on each
substrate were obtained. All quantitative analysis of the
average SERS spectra, such as peak positon and amplitude,
were processed using the spectroscopic software GRAMS AI
(Thermo Scientiﬁc).

Results and discussion
Morphology

(Figures 2(a)–(c)) show representative Ag nanopatterns predicted by NCs, experimentally obtained via SEM, and generated by MC simulation for θ=0°, 10°, 15°, and 20°,
respectively. SEM micrographs and simulation results for
θ=5°, 7°, 12°, and 17°, are shown in supplementary information S3.1. As predicted by the NCs (ﬁgure 2(a)), when
θ=0°, individual and disconnected nanotriangles were
formed on the substrates. When θ was increased from 0° to
10°, the characteristic pattern changed to a hexagonal shape
with a thick central triangle (the red colored areas), while the
neighboring patterns remained unattached. As θ changed to
15° and 20°, each individual pattern started to join with the
adjacent patterns, and individual pattern became a cup-like
triangular shape, i.e., there was a triangular hole in the middle
of each pattern. In general, as θ increased, the hole became
larger, and the entire pattern grew larger as well. But the
overall arrangement for all the patterns still followed closepacked symmetry regardless of the θ value. Notice that for
θ 40°, there were no patterns formed on the substrate due
to the shadowing effect. These predictions matched well with

Numerical calculations (NCs) and Monte Carlo (MC)
simulations

An in-house Matlab program (previously reported) was used
to calculate the Ag nanopattern formation at different θ. This
3
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(b) SEM

(c) MC

20°

15°

10°

0°

(a) NC

Figure 2. Representative nanopatterns formed by SNSL: (a) numerical calculations (NC), (b) experimental SEM images, and (c) Monte Carlo

(MC) simulation at θ=0°, 10°, 15°, and 20°, respectively.

the experimental results, as shown in (ﬁgure 2(b)). For the
SEM images at θ=0°, well separated nanotriangles with
concave sides were formed. When θ increased to 10°, the
nanopattern became separated, larger equilateral triangle. The
high-magniﬁcation SEM images showed that the Ag nanopatterns also contain small Ag nanoparticles (NPs) formed
around each apex of the triangle, with a solid hexagon-like
pattern in the middle. For θ=15°, the resulting pattern
emerged as an elongated triangle with a slight depression at
its center, ﬁlled randomly with NPs. The neighboring nanopatterns were connected to one another at the respective apex
of each triangle. When θ increased to 20°, the triangular
nanopattern appeared wider, and consisted of different sized
Ag NPs. The middle of each pattern had smaller and less
dense AgNPs compared to the edges of the triangle.
Though the experimental results matched well with the
NCs, there were morphology differences at θ>0°. The
individual unit cell consisted of multiple Ag NPs, rather than
the smooth, singular Ag patterns predicted in (ﬁgure 2(a)).
The reason is that the NC used a continuous mathematical
model, while during deposition, other growth related
phenomenon such as adatom surface dynamics can take place.
In particular, for low melting point (Tm) metals, like Ag, not
only is surface diffusion important, but the sticking coefﬁcient
during the initial nucleation of the vapor can also play a
dominant role. For example, Kosiorek et al can match their
experimental Ni and Cr SNSL nanopattern with their NC
since both Ni and Cr have Tm=1453 °C and 1857 °C,
respectively [17]. We have also deposited Ti nanopatterns

with Tm=1660 °C at θ=15° for comparison with those
from Ag with Tm=961 °C, see supplementary information
S4. The resulting Ti nanopattern was smooth with no NPs in
the unit cell as compared to those formed by Ag. Thus, to
better reﬂect the formation of Ag nanopatterns, one has to
consider the effect of surface diffusion and reemission.
The effects can only be accounted for in MC simulations.
(Figure 2(c)) shows the simulated results using our MC
deposition model. The overall patterns matched well with
both the NC and experimental results. However, when
θ 10°, Ag NPs started to form within and around the patterns, especially when θ 15°, the simulated results resembled more like the experimental results, which demonstrated
that adatom surface dynamics did play an important role in
SNSL pattern formation.
To quantitatively compare the nanopattern morphology
from SEM, numerical simulation, and MC simulation, we
deﬁne a geometric factor η, as the ratio of the in-plane height,
a, and the length between opposing nanopatterns, d, i.e.,
η=a/d. Figure 3 shows the plot of η versus θ, and the inset
SEM images are also shown in the ﬁgure to illustrate d and a
measurements. We notice that, for θ=0° the η values for
MC simulation and SEM matched more closely than that from
NC. This is because the nanopatterns of both the MC and
experiment had slightly rounded apex due to the shadowing
effect of the PS nanosphere, therefore the a value was slightly
shorter than that of the NC. When θ=12°, the results from
SEM and NC agreed more closely, and the thickness distribution of the pattern was greater towards the center of the
4
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almost unchanged. With the further increase of θ, the second
peak location almost did not change while the largest peak
kept on red shifting almost linearly with respect to θ until
θ=20°. Such a change in the extinction spectra at θ 12° is
consistent with the changes in nanopatterns. As shown in
(ﬁgure 2(b)), when θ<12°, the nanopatterns were essentially
a separated, solid triangle array. Only at slightly larger θ,
there were small NPs appeared around the solid triangles.
However, when θ 12°, the main solid triangles changed
into small Ag particles, and the adjacent Ag patterns started to
connect together to form a network structure. Since some Ag
NPs were very closely spaced, it was expected that the
electromagnetic coupling between small Ag NPs would play
an important role for the optical properties.
To gain a better understanding of the optical properties,
FDTD calculations were carried out based on the nanopatterns at θ=0°, 10°, 12°, 17°, and 20°, respectively, and
the resulting numerical extinction spectra, the experimental
spectra, and an inset of the simulated unit cell of the nanopattern array were plotted together in (ﬁgure 5). For all of the
calculations, the thickness of the Ag nanopatterns was ﬁxed at
100 nm, 43 nm, 24 nm, and 6 nm, respectively. These height
values were based upon AFM average height measurements
shown in supplementary information S5. For θ=0°, the
calculated extinction spectrum showed a prominent and sharp
LSPR peak at λ0=664 nm, and a secondary peak at
λ0=493 nm. Two weaker peaks at λ0=416 nm and
374 nm were also visible. These peak locations were close in
value to the experimental peaks at λ0=688, 433 nm, and
339 nm. However, compared to the experimental peak at
λ0=688 nm, the calculated peak was narrower, and had a
higher extinction. These deviations are due to the statistic
variation in the shape, size, and thickness of the triangles
obtained experimentally. For θ=10°, the calculated extinction spectrum showed a similar, but broader peak at
λ0=786 nm, and secondary peaks at λ0=664 nm and
436 nm. By comparison, the experimental LSPR peak at
λ0=677 nm was also much narrower and blue-shifted
compared to that of simulation which, may be caused by
broad deviations in the experimental nanopatterns. The
experiment and simulation spectra show much broader
extinction when θ=12°. The simulated spectrum showed a
broad extinction ranging between 350 and 1050 nm, with the
highest extinction value at λ0∼863 nm. The experimental
spectrum also showed a broad spectrum with λ0=794 nm.
For θ=17° the calculated spectrum was broad, covering the
450–1400 nm wavelength region, which was qualitatively
consistent with the experimental spectrum. For θ=20°, the
simulated spectrum show a broad extinction value between
300 and 1500 nm, with a maximum extinction value at
λ0=410 nm. Similarly, the experiment extinction spectrum
also shows a broad peak, with λ0=452 nm. Clearly, the
simulated spectra qualitatively matched well with the experimental spectra.
The broadening of the extinction spectra at θ>10° are
due to the appearance of smaller Ag NPs of different sizes and
orientations as well as the electromagnetic coupling among
the particle assembles [31]. This can be clearly demonstrated

Figure 3. The shape parameter ratio η as a function of θ obtained
from the numerical calculations, SEM images, and MC simulations.

unit cell for the NC and SEM, while the MC predicted a more
uniform distribution of Ag. For θ 15°, the MC, SEM, and
NC showed similar η values. Thus, the MC simulation and
NC both show that they can predict the shape of the Ag
nanopatterns.
Optical properties

The extinction spectra of the Ag nanopatterns shown in
(ﬁgure 4(a)) all exhibited multiple resonance peaks within the
300–1500 nm wavelength range. When θ<12°, all the
samples had three resonant peaks, while when θ 12°, there
were only two peaks. The strongest extinction peak red
shifted with θ. (Figure 4(b)) plots resonance peak wavelengths λ0 as a function of θ. For θ=0°, three resonances
occurred at λ0=363 nm, 423 nm, and 689 nm, respectively.
These spectra features are typical for Ag nanotriangle arrays
obtained from NSL [29, 30]. The strong λ0=689 nm peak is
due to a strong dipole resonance; the peak at λ0=423 nm is
a weak in-plane quadrupole resonance, while the peak at
λ0=325 nm is due to the out-of-plane quadrupole extinction
[29, 30]. When θ was increased to 5° and 7°, the nanopatterns
were still disconnected nanotriangles, and it was expected that
the spectral features were similar to those of θ=0° sample:
the strongest resonant peak located at λ0=678–685 nm, and
two other peaks at ∼477 and ∼347 nm, which may all correspond to the dipole and quadrupole resonances as discussed
for θ=0° sample. However, the extinction peak became
stronger, especially at λ0=678–685 nm region, and the
corresponding peak width was smaller compared to that of
θ=0° sample. Such a narrow extinction peak is preferred for
high sensitive LSPR sensors. When θ=10°, there were still
three peaks observed and the peak at λ0=677 nm became
even stronger. However, when θ was increased to 12°, the
spectrum became very different: only two peaks were
observed, with the strongest peak suddenly shifted to
λ0=833 nm, while the second peak (λ0=471 nm) stayed
5
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Figure 4. (a) Extinction spectra of SNSL nanopatterns at different incident angle θ. (b) Extinction peak positions as a function of θ.

appeared, though a relatively small resonant peak at
λ0=1005 nm was still present. Such a difference originated
from the orientation of the Ag NPs on the substrates, which
means that the NPs are highly anisotropic. The multiple
resonance features in both x- and y-polarization excitations
resulted from the size distribution of the Ag NPs. In addition,
the local electric ﬁeld distributions at the resonant wavelength
shown in (ﬁgures 6(b) and (c)) demonstrated strong coupling
among adjacent Ag NPs, especially large Ag NPs. For the xpolarization excitations at λ0=825 and 1005 nm, hot spots
with strongest local electric ﬁeld occurred only around largest
Ag NPs due to their larger wavelengths; however, for the ypolarization excitation at λ0=684 nm, hot spots occurred at
multiple gaps among Ag NPs. Those high electric ﬁeld hot
spots were evidence of plasmonic coupling effect which
would not occur for isolated nanopatterns formed at θ<10°.
In addition, the high density of hot spots presented in
(ﬁgure 6(d)) infer that those nanopatterns could be potentially
used for SERS substrates.
SERS activity

Since the optical extinction of the Ag nanopatterns had a
strong resonant peak at λ0=633 nm for samples at θ<12°,
while for samples at θ 12°, there were multiple hotspots
available on the substrate due to the statistic arrangement of
NPs in the pattern; it was expected that those patterned substrates will be good SERS substrates for excitation at
λ=633 nm. (Figure 7(a)) shows the average BPE SERS
spectra of different substrates. The characteristic peaks of
BPE at Δv=1200, 1606, and 1636 cm−1 were indicated in
the ﬁgure, which corresponded to ethylenic C=C stretching
mode, pyridine ring C=C stretching, and whole ring C=C
stretching mode respectively [32, 33]. For θ=0°, there was
no discernable BPE signal. For θ=5°, BPE peaks started to
emerge, became stronger with the increase of θ, and reached a
maximum when θ=10°. With the further increase in θ, all
the BPE peaks decreased. In fact, the baseline corrected peak

Figure 5. The comparison of the extinction spectra from ﬁnite-

difference time-domain simulations and experimental results for
selected θ. The unit cell for FDTD simulation for each θ is shown as
the insert image.

by investigating the polarization dependent extinction spectra
as well as the local electric ﬁeld distributions at the extinction
resonant wavelengths. (Figure 6) shows an example for the
Ag nanopatterns at θ=17°. The two orthogonal polarized
extinction spectra, one excited by the horizontal (x-) polarization, and the other by vertical (y-) polarization, show distinguished different features: for x-polarization excitation, two
strong resonances appeared at λ0=825 and 1005 nm, while
under y-polarization, a strong resonant peak at λ0=684 nm
6
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Figure 6. (a) Polarized extinction spectra of Ag nanopatterns at θ=17°; and the local electric ﬁeld distributions of the θ=17° nanopatterns

excited by x-polarized light at (b) λ0=825 nm and (c) λ0=1005 nm, as well as (d) λ0=684 nm excited by y-polarized light.

Figure 7. (a) BPE surface enhanced Raman scattering (SERS) spectra of SNSL Ag nanopatterns at different incident angle θ. (b) Surface area

normalized SERS peak intensity at Δv=1200 cm−1 versus extinction spectra value at λ = 633 nm.

height as a function of wavelength, shown in supplementary
information S7, show quantitatively that for peak intensities at
Δv=1200, 1606, and 1636 cm−1, the greatest SERS intensity occurs at θ=10°.
However, since the nanopatterns were different at different incident angle θ, the effective Ag surface area exposed

to BPE was also different. If one assumes that the BPE were
uniformly coated on the Ag surface, then different patterns
would have different amount of BPE molecules coated on Ag
surface, which could potentially give different strength of
SERS signal. Therefore, to fairly compare the SERS response
of different nanopatterns, the SERS intensity per unit Ag area
7
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Turnage E and Whitesides G M 2014 Engineering shadows
to fabricate optical metasurfaces Acs Nano 8 11061–70
[23] Chen K, Rajeeva B B, Wu Z, Rukavina M, Dao T D, Ishii S,
Aono M, Nagao T and Zheng Y 2015 Moiré nanosphere
lithography ACS Nano 9 6031–40
[24] Ingram W M, Han C, Zhang Q and Zhao Y 2015 Optimization
of Ag-coated polystyrene nanosphere substrates for
quantitative surface-enhanced Raman spectroscopy analysis
J. Phys. Chem. C 119 27639–48

needs to be considered. Based upon SEM micrographs and
AFM height, the average surface area per unit cell of Ag
nanopattern was calculated and the representative SERS peak
intensity was normalized by the area. The area calculation and
resulting normalized surface area for each deposition angle is
shown in supplementary information S7. (Figure 7(b)) shows
the result of the area normalized BPE peak intensity at
Δv=1200 cm−1 as a function of the optical extinction α at
λ=633 nm. The normalized SERS intensity increased
almost linearly with α, which is consistent with other studies
[34, 35]. The substrate gives the highest SERS intensity is the
nanopattern deposited at θ=10°. This result shows that
using the SNSL one can tune the LSPR response and optimize
SERS substrates.

Conclusion
In this work, we have investigated the morphological and
optical properties of Ag nanopatterns prepared by SNSL. By
changing the vapor deposition angle θ, we showed that that a
diverse variety of nanopatterns can be prepared. These patterns can be predicted by a numerical model as well as a MC
simulation. Due to the variations on the size, shape, and
arrangement of Ag NPs in the pattern, the optical properties
of these nanopatterns can be tuned systematically, especially
the LSPR wavelengths, and the results were conﬁrmed by
FDTD simulation. This is a relatively simple strategy to tune
the LSPR based on NSL. We have demonstrated that the
tuning of LSPR using SNSL nanopatterns can optimize the
SERS response for chemical and biological applications.
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